Abstract This study aims to evaluate the safety and technical feasibility of total robot-assisted three-stage esophagectomy. From July 2011 to June 2014, 35 histologically proven resectable carcinoma esophagus patients underwent robot-assisted transthoracic and transperitoneal three-stage esophagectomy. In the initial ten cases, total docking time, thoracic docking time, total operative time, thoracic-phase operative time, and blood loss were 67.9 ± 13.24, 32.2 ± 9.74, 429.2 ± 57.65, and 96.6 ± 20.33 min and 433.20 ± 48.72 ml, respectively. In the subsequent 25 cases, all parameters decreased significantly (33.20 ± 4.16, 13.76 ± 3.43, 321.13 ± 13.75, and 57.04 ± 9.15 min and 256.32 ± 17.52 ml, respectively). Median numbers of lymph node dissected were 32. One case was converted to open method, and there was no in-hospital or 30-day mortality. Two cases required ventilator support for 1 day, with ICU stay for 1 day in 15 patients and 2 days in five patients. Two patients had major complications. Median hospital stay was 8 days. All had microscopic negative resection margins. Robot-assisted three-stage esophagectomy has the benefits of minimally invasive surgery and immediate oncological outcomes are comparable to conventional open surgery. Therefore, it is a safe and feasible technique for the treatment of esophageal cancer in selected patients.
Introduction
Esophageal cancer is the eighth most common cancer and sixth leading cause of cancer deaths in the world, with the majority of cases occurring in developing countries [1] . Radical surgical resection of the esophagus and surrounding lymph nodes offers the best chance for cure in patients with locoregional disease [2] . Transhiatal esophagectomy carries a lower complication rate but only a limited lymphadenectomy can be carried out [3] . Transthoracic esophagectomy allows en bloc resection of the esophagus and extensive mediastinal lymphadenectomy, but is associated with significant morbidity [3] . To reduce surgical trauma and the morbidity of esophagectomy, minimally invasive techniques have been developed.
Conventional thoracoscopic esophagectomy has many limitations. Robotic systems have been designed to overcome some of the disadvantages of standard minimally invasive surgery. Robotic systems facilitate precise dissection in a confined thoracic cage. The Da Vinci robotic system (Intuitive, Sunnyvale, CA, USA) provides a three-dimensional, tenfold magnified view of the operating field, filtering the tremor of the surgeon's hand and endowrist instrumentation technology mimicking the human hand which offers 7°of movement versus the limited 4°of movement in laparoscopy [4] . In the present study, we evaluated the feasibility and technique of robot-assisted thoracic and abdominal phase of three-stage esophagectomy and lymphadenectomy in patients with esophageal carcinoma.
Materials and Methods
A prospective observational study was undertaken from July 2011 to June 2014 at our institute. Forty-one consecutive histologically proven (T1-4a, N+, M0) carcinoma esophagus patients with ECOG performance status of 0 and 1 were included in the study. Patients with locally advanced lesion (≥T3, N1) on imaging (EUS, CECT/PET-CT), underwent neoadjuvant chemotherapy (paclitaxel, cisplatin, 5-fluorouracil). Patients who progressed or have unresponsiveT4a lesions with neoadjuvant chemotherapy, with multistation bulky lymphadenopathy, a lesion in cervical esophagus or less than 5 cm from cricopharyngeus, with distant metastasis, and patients unfit for general anesthesia were excluded from the study. Surgically resectable patients underwent robotassisted transthoracic and transperitoneal three-stage esophagectomy ( Figs. 1 and 2 ). Technique and feasibility of robotassisted surgery in terms of operating time, estimated blood loss, total number of lymph nodes retrieved, postoperative ventilator support, ICU stay, hospital stay, conversion to open procedure, margin status (mucosal and circumferential), intraoperative and postoperative complications were analyzed. Complications were classified according to modified Clavien-Dindo classification (MCDC) of surgical complications [5] . Ethical board approval was taken for the study. Informed consent was taken from all the patients included in the study. Descriptive and inferential statistical analyses were done.
Results
A total of 35 patients (including 21 patients after neoadjuvant therapy) were selected for robot-assisted surgery and included in the study for evaluation (Tables 1, 2 , and 3). Initially, we took 45 (32.20 ± 9.74) min to dock in thoracic phase but after ten cases, it came down significantly to 18 min (range 45-18 min). In subsequent 25 cases, thoracic docking time ranged from 18 to 10 min. The decrease in the time for thoracic-phase docking was significantly less in the subsequent group (p value <0.001). As we became more familiar with the anatomy and maneuverability of instruments, the time taken to dissect the esophagus with regional lymphadenectomy decreased significantly. The most important obstacle was a prominent spine in our set of patients, restricting arm movements. We could overcome this by modification of port placements according to the varied anatomy of the patient and the use of an umbilical tape around the esophagus to facilitate the dissection. Thoracic-phase operative time was 140 min in the beginning which came down significantly after the initial ten cases, ranging from 140 to 74 min (mean ± SD = 57.04 ± 9.15).One patient had a bulky tumor and in an effort for R0 resection, the thoracic duct opened up just below the level of the carina and was detected intraoperatively. While ligating the thoracic duct at the lower end of the thoracic cage, an azygous vein was injured and immediate conversion thoracotomy was done to control the bleeding. This was the only intraoperative complication we had in our series.
Total docking time (thoracic phase and abdominal phase) was 90 min when we started the study, and after ten cases, it was 50 min. In the subsequent 25 cases, it ranged from 40 to 25 min.The mean decrease in total docking time after the initial ten cases was significant (p < 0.001). The total operative time from thoracic incision to closure of cervical and abdominal wounds was 500 min in the beginning and significantly decreased in subsequent 25 cases and has reached 300 min in the last few cases.
Total blood loss in the entire surgery came down from 500 to 300 ml after the initial ten cases. In the subsequent cases, it was ranging from 300 to 240 ml. Mean blood loss was 433.20 ± 48.72 ml in the initial ten cases and 256.32 ± 17.52 ml in the subsequent 25 cases. The decrease was significant. Median number of lymph nodes removed was 32 (range 12-48). All 35 cases had R0 resection on final histopathology report. Two patients could not be extubated during the immediate postoperative period and were on ventilator support for 24 h. Fifteen cases were in ICU care for 1 day and five cases for 2 days. Ten cases never required intensive care. There was no in-hospital or within 30 days mortality in our series. There were no complications like anastomotic leak, gastric tube necrosis, chylous leak, and permanent vocal cord paralysis. One patient had temporary vocal cord palsy which recovered its function by the end of 3 weeks. All patients were fed through feeding jejunostomy from the second postoperative day. One patient had delayed gastric emptying in spite of pyloroplasty and underwent one-time endoscopic balloon dilatation with prokinetic treatment for 1 week. On the seventh postoperative day, one patient was diagnosed with diaphragmatic hiatus hernia. In this patient, a part of the diaphragm was resected during surgery as tumor was at the GE junction and close to the diaphragm. The transverse colon and small bowel loops were herniated into the left side of the thorax by the side of the gastric tube. He underwent laparoscopic reduction of hernia with suturing of the diaphragm to reduce the enlarged hiatus opening. The median hospital stay was 8 days (range 6-13) in our series.
Discussion
Robotic systems have been designed to overcome some of the disadvantages of standard minimally invasive surgery with a short learning curve and ease of lymphadenectomy. The prone position was used because it is known to facilitate mediastinal dissection and minimize lung injury [6] . Lung injury is minimized as lung retraction is not necessary because it falls down by gravity, bleeding does not obscure the operative field, and exposure of the infra-aortic area and tracheobronchial tree is excellent. It also allows controlled right lung ventilation. We never had any problem operating in this position. Noshiro et al. [7] and Fabian et al. [8] in their comparison of prone versus left lateral decubitus position during thoracoscopic esophageal mobilization found many advantages with prone position. In thoracic-phase port placement, Boone et al. [9] and van der Sluis et al. [10] have reported the use of two assistant ports in the left lateral decubitus position. We used one assistant port with ease in the prone position, as is reported by Kim et al. [11] .
Abdominal-phase robot-assisted surgery is rarely reported in the literature. In our series, the abdominal part was done with robotic assistance. Placing the arm-two port 4 cm above the midpoint of a line-joining camera port and arm-three port is important in dissection along the greater curvature and lesser curvature of the stomach and along the celiac axis and left gastric artery with the help of a harmonic scalpel. Retraction of the liver was done with the prograsper in arm three, without the need for a special dedicated liver retractor.
Two articles about conventional minimally invasive esophagectomy show that minimally invasive esophagectomy in general is superior over open esophagectomy [12, 13] . Fig. 2 Abdominal-phase port placement (leg end view). R1-first arm, A-assistant, Ccamera, R2-second arm, R3-third arm Thoracoscopic esophagectomy necessitates a substantial amount of learning, even for experienced thoracoscopic surgeons [14] . Robot-assisted surgery has the potential to accelerate the learning curve of minimally invasive esophagectomy (MIE) because it has several advantages, including increased magnification with three-dimensional view, articulation of instruments, improved dexterity, and better ergonomics [15] . Kim et al. [11] reported a significant decrease in console time after six cases, and this led to a decrease in total operation time with a resultant high percentage of immediate postoperative extubation. We achieved significant reduction in docking time and operative time after initial ten cases. After initial ten cases, there was no significant improvement observed in the learning curve for the subsequent group of 25 patients and we nearly reached a plateau. The selection of ten cases in the initial group was based on this observation and our previous experience with robotic surgery for endometrial cancer [16] . Kim et al. [11] reported a significant decrease in thoracic docking time to 14.8 ± 10.6 min after initial six cases. We took 13.76 ± 3.43 min, after initial ten cases. They reported a significant decrease in thoracic-phase operative time to 81.7 ± 16.5 min after the initial six cases, and in our series, it was 57.04 ± 9.15 min after initial ten cases. Osugi and colleagues [14] reported in their series of 80 thoracoscopic esophagectomies that a plateau in technique was not reached until 34 cases had been performed. It indicates that robotic technique has a shorter learning curve. Total operative time was longer in our initial ten cases (429 ± 57.65 min), but came down to 321.13 ± 13.75 in subsequent cases. As the experience of a surgeon in robotic surgery increases, the time taken for total surgery is expected to come down further. It is comparable to the median time taken for transthoracic open esophagectomy (360 min) [3] .
In a surgical treatment of esophageal cancer, greater extent of lymphadenectomy is reported to be associated with increased survival [17] . Boone et al. [9] dissected a median of 29 lymph nodes with robotic esophagectomy, which is comparable to the 31 lymph nodes reported for two-field lymph node dissection in open transthoracic esophagectomy [3] . Their study has shown that robotic transthoracic esophagectomy offers a lymphadenectomy and radical resection rate similar to that of open transthoracic surgery. Even in our study, the median number of lymph nodes retrieved was 32 and is comparable to other studies. The extensive upper mediastinal lymph node dissection provided by robot-assisted esophagectomy would not have been dissected by a transhiatal approach [3] . Median number of lymph nodes retrieved was significantly higher with MIE versus open esophagectomy (16 versus 10) attributed to better visualization with MIE [18] .
Boone et al. [9] reported median blood loss during the robotic thoracoscopic phase was 250 (range 0-800) ml and for the entire procedure was 625 (range 150-5300) ml. They reported significant decrease in total blood loss between the first 23 and second 24 patients (median 900 versus 450 ml, respectively; p < 0.001). Overall blood loss of the robotic method seems less than for the open method [19] . In our series, we had significant decrease in blood loss after initial ten cases and was less than 300 ml in the last 15 cases.
The completeness of tumor resection rate was comparable to the open transthoracic surgery. With regard to tumor infiltration of the resection margins, the R0 resection rate in the Boone et al. [9] series of robotic transthoracic esophagectomy was 77 %, which is similar to that of open transthoracic series [3] . In our series, all the cases had R0 resection (100 %). surgery, with advanced technological support. As routine, we take either-side pleural margin and do cervical anastomosis, and because of our selective inclusion criteria to operate, our R0 resection rates are high in open as well as robotic surgery. However, a large study is required to confirm our early results. In a systematic review by Decker and colleagues [20] , centers reporting fewer than 25 cases of MIE had a 3.9 % mortality rate, 30.8 % respiratory complication rate, and 9.6 % conversion rate. In our series, we had no mortality, 2.85 % pulmonary complication rate, and 2.85 % conversion rate. Under hydration during surgery, minimal handling of the lung during surgery in the prone position, both lung ventilation during surgery, serial intraoperative intercostal nerve block, immediate on-table postoperative extubation, short-duration ICU stay, and comfortable breathing postoperatively because there is no pain associated with thoracotomy will explain the low pulmonary complications in our series. In the open transthoracic esophagectomy, high pulmonary complications (57 %) were reported [3] . Because of the endowrist technology with magnified view in the robot-assisted surgery, we could complete most of the surgeries robotically with a low conversion rate. In an open-label, randomized trial of 115 patients, those undergoing an open transthoracic esophagectomy had a significantly higher rate of pulmonary complications compared with patients undergoing a minimally invasive esophagectomy (29 versus 9 %) [12] . Median ventilation time for open transthoracic esophagectomy reported was 2 days (0-79) [3] . In our series, only 2 patients required support of ventilator for 1 day (mean 0.062), which is significantly less. Median duration of ICU stay in open surgery was 6 days [3] , and in our series, it was only 1 day (mean 0.71, range 0-2 days).
Robotic surgery is a replication of steps done in an open
Smithers et al.
[21] reported median duration of hospital stay in their study as 14 days for open, 13 days for thoracoscopic, and 11 days for combined thoracoscopic and laparoscopic esophagectomy. Hulscher et al. [3] reported median days of hospital stay for transthoracic open esophagectomy as 19 days. In our study, median number of hospital stay was 8 days. Because of fewer complications, hospital stay was not extended in our series.
The results of our surgery appear to be far more superior to the published figures because of the following reasons-excluding patients with persistent T4a lesions after neoadjuvant chemotherapy and multistation bulky lymphadenectomy, ten times magnified view in robot, experienced oncosurgeons who are also doing robotic surgery for rectal and endometrial cancers with the same support staff, low pulmonary complication rate, taking liberal mediastinal pleural margin, and complete resection of thoracic esophagus up to cervical end in all our cases. From a systematic review, which included nine articles (130 cases) related to robot-assisted esophagectomy, it was concluded that robot-assisted esophagectomy was a feasible and safe technique [22] . In terms of shortterm oncological outcomes, robot-assisted minimally invasive thoraco-laparoscopic esophagectomy was at least equivalent to the open transthoracic approach for esophageal cancer [22, 23] .
Conclusion
Robot-assisted three-stage esophagectomy has the benefits of minimally invasive surgery like less blood loss, decreased need of postoperative ventilator support, short-duration ICU stay, and low pulmonary complications resulting in short hospital stay, along with additional advantages of comparable operative time, low conversion rate, and short learning curve. Immediate oncological outcomes in terms of adequate lymphadenectomy and R0 resection are comparable to conventional open surgery. Therefore, robot-assisted three-stage esophagectomy is a safe and feasible technique for the treatment of esophageal cancer in selected patients. However, results of a randomized trial with long-term oncological outcomes (ROBOT trial) are awaited in this regard [10] .
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